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Environmental Tobacco Smoke Is Just as
Damaging to DNA as Mainstream Smoke
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Environmental tobacco smoke (ETS) is a
major contributor to indoor air pollution
wherever smoking occurs (1-3). Studies
have shown that ETS contains a variety of
genotoxic and carcinogenic compounds
(2,4) that are chemically similar to those in
mainstream and sidestream smoke (5).
Epidemiological studies indicate an associa-
tion between environmental tobacco smoke
exposure and an increased risk for cancer
(6-9). The Environmental Protection
Agency (EPA) has classified ETS as a
human lung class A carcinogen, on par
with radon and asbestos, and concluded
that ETS is responsible for approximately
3000 lung cancer deaths per year for non-
smokers in the United States (5). ETS is
the only agent classified by EPA as a
known human carcinogen for which an
increased cancer risk has actually been
observed at typical environmental levels of
exposure (5).

Sidestream smoke, which is emitted
from the tobacco products during puff
intervals, constitutes at least 85% of ETS
(1), contributing nearly all of the vapor-
phase constituents and over half of the par-
ticulate matter (5). The particles in side-

stream smoke are about 10 times smaller
(0.01-0.1 pm) than those in mainstream
smoke (0.1-1.0 pm) (1,6), but the
amount of total particulate matter in side-
stream smoke is 1.3-1.9 times greater than
in mainstream smoke (10). Thus, side-
stream smoke particles reach more distant
alveolar spaces of the lung to a larger ex-
tent than do the mainstream smoke parti-
cles (6). The amount of organic com-
pounds in sidestream smoke is greater than
in mainstream smoke (4).

Studies on the mutagenicity of ETS
have been reviewed by Claxton et al. (2).
Using bacterial mutagenicity as a genotoxic
assessment of ETS, they concluded that
70% of the total mutagenicity of ETS is
associated with the particle fraction of side-
stream or mainstream smoke (2).

Tar from sidestream smoke, like that
from mainstream smoke, contains a persis-
tent radical that can be studied directly by
electron spin resonance (ESR) (11,12).
These radicals can be extracted into aque-
ous solutions (13). We determined that
these aqueous cigarette tar extracts nick
plasmid DNA (14) and cause DNA nick-
ing in viable mammalian cells (13), and
this nicking follows saturation kinetics
(13).
We now report studies that show the

tar component in sidestream smoke pro-
duces DNA nicks in viable mammalian
cells. We also report the effects of reduced
glutathione (GSH), catalase, superoxide
dismutase (SOD), diethylenetriamine pen-
taacetic acid (DTPA), and deferoxamine
on the yield of DNA nicks caused by ETS
tar solutions.

Materials and Methods
Chemicals and enzymes were purchased
from Sigma Chemical Co. (St. Louis,
Missouri) and used without further purifi-
cation. Solutions of GSH, (800 mM),
DTPA (240 mM), catalase (1 mg/ml),
SOD (1 mg/ml), and deferoxamine (12
mM), were prepared in distilled water just
before use. Inactivated SOD and catalase
were prepared by boiling the enzymes for 2
min; catalase was boiled in 1 N NaOH
and then the pH was adjusted to 7.4 with
HCI. Inactivated enzyme solutions were
stored at 40C.

Preparation ofETS. Research-grade
cigarettes (2R1) from the Kentucky
Tobacco Research Council were smoked to
a butt length of 30 mm using a standard
puff profile (30 ml puff/30 sec). We col-

lected the sidestream smoke using the
apparatus shown in Figure 1 (11,15) . The
smoke that accumulated inside the three-
necked flask was drawn through a
Cambridge filter and a water trap by using
an electrical pump at a flow of 1500
ml/min. The sidestream smoke from four
cigarettes was produced by pulling air
through a cigarette, as shown in Figure 1,
using a syringe (11,13). The tar was col-
lected on the Cambridge filter (see Fig. 1)
and extracted by washing the filter with
approximately 15 ml of acetone until the
filter was colorless. We then removed the
acetone by evaporation with a stream of
nitrogen and resuspended the dried
residue in 5 ml of phosphate-buffered
saline (PBS; 66 mM phosphate, 0.85%
sodium chloride, pH 8.0). The solution
was then sonicated for 15 min using a
Branson 2200 sonicator (Branson Ultra-
sonics Corporation, Danbury, Connecticut).
After standing at 370C in the dark for 24
hr, the tar solution was filtered through a
0.2-pm filter (25 mm, polypropylene,
Whatman International Ltd, Mainstone,
England). This method produced solu-
tions that contain 6.5 ± 1.5 mg of tar/ml.

Isolation of Thymocytes andAlveolar
Macrophages. Male Sprague-Dawley spe-
cific pathogen-free rats 90-92 days old
(360-400 g) (Harlan Sprague-Dawley,
Houston, Texas) were used. Rats were
acclimatized in standard cages with access
to food (Purina Mills, Inc.) and water for
at least 5 days before being used. We anes-
thetized rats with an intraperitoneal injec-
tion of sodium pentobarbital (40 mg/kg),
sacrificed them by exsanguination, and
performed a thoracotomy to expose the
lungs and thymus. The thymus was
removed, placed in a normal saline solu-
tion (0.9% NaCl), and then mashed with
tweezers to release the thymocytes. The
cells were centrifuged at 400g for 10 min
and resuspended in 0.87% NH4Cl/10
mM Tris-HCI (pH 7.3)/10 mM
NaHCO to lyse any red blood cells. After
20 min the cells were centrifuged as above
and resuspended in a buffered isotonic
solution (pH 7.2) containing 0.25 M
myoinositol-10 mM sodium phosphate-I
mM magnesium chloride. We counted the
thymocytes using a standard hemocytome-
ter and determined their viability using the
trypan blue dye exclusion technique. This
procedure yields 1.5 to 1.8 x 109 cells per
animal with 90-95% viability.
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Figure 1. Sidestream smoke collection device.

We performed bronchoalveolar lavage
(BAL) to harvest macrophages. A cannula
was introduced into the trachea, and three
10-ml aliquots of isotonic saline (0.9%) at
37°C were injected into the lung sequen-
tially via a syringe and the tracheal cannu-
la. Each infusion was allowed to remain for
1 min and then was recovered. An average
of 9 ± 1 ml was recovered. We centrifuged
the lavage fluid at 400g for 15 min at 4°C.
The total cell count and viability was
obtained in a 1:10 dilution of the cells
using trypan blue and a standard hemocy-
tometer. Typically, 5-6 x 106 alveolar
macrophages with 85-92% viability were
harvested.

Assoeiation of Cigarette Tar Radical
with DNA in Rat Alveolar Maerophages.
Alveolar macrophages, isolated as described
above, were placed in 2.0 ml of a solution
containing 24 mM EDTA and 75 mM
NaCl, pH 7.5. The cells were then incu-
bated with 1.0 ml of ETS tar solution or
1.0 ml of pH 8.0 PBS on ice for 90 min.
The cell viability decreased markedly for
incubations longer than 90 min. After
incubation, cell viability was 85-90% by
trypan blue dye exclusion. To remove any
unbound ETS material, the cells were pel-
leted by centrifugation at 400g (4°C) and
resuspended in PBS, pH 7.4. We used a
modification of the alkaline elution
method of Kohn et al. (16) to trap double-
stranded DNA on polycarbonate filters
(PC filters). A Micro/Por polycarbonate
membrane (25 mm, 0.2 pm, Spectrum
Medical Industries, Inc., Los Angeles,
California) was soaked in ice-cold PBS, pH
7.4, for 20 min and then placed in an alka-
line elution funnel (Millipore, Bedford,
Massachusetts). A small volume of PBS
was run through the filter to check for

leaks, then the alveolar macrophages were
carefully deposited on the filter. We used a
peristaltic pump to pull fluid through the
filter at a flow of 1 ml/min. After loading
the cells on the filter, 10 ml of a lysis solu-
tion [2% sodium dodecyl sulfate (SDS),
0.025 M EDTA, pH 9.7] was added and
allowed to remain at room temperature for
60 min. This solution was then pulled
through the filter and 4 ml of the lysis
solution with added proteinase K (0.5
mg/ml) was carefully added to the funnel.
After 30 min, the proteinase K solution
was pulled through the filter, and the filter
was washed with 10 ml PBS and then air
dried. These steps lyse the cells and remove
protein, RNA, and any single-stranded
DNA. The filter retains large pieces of
double-stranded DNA. Control experi-
ments included incubations of cells with
no ETS tar solutions and incubations of
ETS tar solutions and no cells. We shred-
ded the dried filters with scissors and
packed them into quartz tubes for exami-
nation by ESR spectroscopy.

DNA Nicking in Rat Thymocytes. Rat
thymocytes (18 million cells/tube, 1.2 ml
final volume) were incubated on ice with
aliquots of an ETS tar solution for 90 min.
The final tar concentrations ranged from
0.10 to 4.0 mg tar/ml. For experiments
involving inhibitors, we added the
inhibitor to the cells before the ETS tar
solution before incubation. ETS concen-
tration for the experiments involving
inhibitors was 1.5 mg tar/ml. After incuba-
tion, the cells were centrifuged for 10 min
at 400g (40C) and resuspended in a
buffered isotonic solution, pH 7.2, con-
taining 0.25 M myoinositol, 10 mM sodi-
um phosphate, and 1 mM magnesium
chloride. We used the fluorescence analysis

of DNA unwinding (FADU) assay,
described by Birnboim (17,18), to deter-
mine DNA damage. The principle of the
FADU assay is that the concentration of
double-stranded DNA can be measured
using ethidium bromide, with relatively lit-
tle interference from single-stranded DNA
and RNA. Under alkaline conditions,
nicked DNA unwinds faster than undam-
aged DNA. After exposure of the cells to
ETS tar, the cells were lysed and then
exposed to alkaline denaturing conditions
for a short time. Then the pH was lowered
to stop further unwinding, and the amount
of double-stranded DNA remaining was
determined using the fluorescence of ethid-
ium bromide (17). The cells were divided
into three types of tubes: T-tubes (total
double-stranded DNA); P-tubes (partially
unwound DNA); and B-tubes (blank, no
double-stranded DNA). The DNA
unwinding time at 15°C was 45 min. As a
final step, 1.5 ml of 6.67 pg/ml ethidium
bromide was added to each tube. After
this, all tubes were put in water bath at
26°C for 10 min. The amount of double-
stranded DNA in each tube is determined
by measuring the fluorescence of ethidium
bromide at 520 nm excitation and 590 nm
emission. We used three of each type of
tube, T, P, and B, for each determination
and averaged the results. The amount of
double-stranded DNA remaining was cal-
culated from Equation 1:

D= [(P-B)I(T-B)] x 100. (1)

The amount of DNA damage was deter-
mined by calculating the damage quotient,
Qd, as shown in Equation 2:

Qd= (log DC- log DETS) X 100, (2)

where Dc is double-stranded DNA in con-
trol cells and DETS is double-stranded DNA
in ETS-treated cells (17,19). The amount
of protection provided by the various
inhibitors was calculated as shown in
Equation 3:

% Protection =
[1 - (QdInhibitor/QdETS)] x 100. (3)

Determination ofHydrogen Peroxide
in ETS Tar Solutions. We determined
hydrogen peroxide in ETS tar solutions as
described for mainstream tar solutions
(20). Briefly, the ETS tar solution was
passed through a solid-phase extraction
column (Supelclean LC-18, Supelco, Inc.,
Bellefonte, PA) and its H202 concentra-
tion determined by differential pulse
polarography using an automatic reference
subtraction system. The differential pulse
polarography with a static mercury drop
electrode was performed using a Model
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Figure 2. Plot of hydrogen peroxide production
from environmental tobacco smoke (ETS) tar
solutions versus time. The ETS tar solutions were
treated as described in Materials and Methods.
There is a correlation value (r) of 0.91 between
the age (days) of the ETS tar solution and amount
of hydrogen peroxide produced.

384B Polarographic Analyzer from EG&G
Princeton Applied Research (Princeton,
New Jersey). After the sample was purged
with nitrogen for 24 min, the polarograph
was allowed to scan from -0.15 mV to -1.5
mV. First, a buffer blank was recorded as a
background and stored in the memory of
the polarograph, and this polarogram was
automatically subtracted from the polaro-
gram of each ETS tar solution. We used a
control solution of ETS tar with catalase to
ensure that the observed peak at -1.1 mV
was due to H202. Concentrations of
H202 were determined using a standard
curve; the concentration of a H202 stock
solution was determined by titration with a
standardized thiosulfate solution (21).

ESR. The ESR spectra of aqueous solu-
tions and dried samples were determined as
before (13). Briefly, we measured the ESR
spectra of dried samples using a Bruker ER
100-D X-band spectrometer with I100-kHz
modulation frequency. The g-values were
determined by comparison with the stan-
dard, 1, 1-diphenyl-2-picrylhydrazyl (22).

Results
The production of hydrogen peroxide by
ETS tar solutions was measured as
described in Materials and Methods.
Figure 2 shows that the production of
H2O2 by ETS solutions is time dependent.
These ETS tar solutions produce approxi-
mately 1.5 pmol H2O2/mg tar per 24 hr.
The amount of H202 detected increased
linearly with time and reached a value of
4.0 pmol/mg after 6 days.

Rat alveolar macrophages were incubat-
ed with ETS tar solutions, and the DNA
was immobilized on a polycarbonate filter
using a modification of the alkaline elution
technique (16). Control incubations of
ETS tar solutions alone or alveolar
macrophiages alone show no ESR signal
remaining on the filter. The filter contain-
ing DNA from alveolar macrophages

Tar concentration (gg/ml)

Field (gauss)
Figure 3. Electron spin resonance spectra of the
material bound to polycarbonate filters after the
following incubations: (A) Alveolar macrophages
with ETS tar, (B) alveolar macrophages with main-
stream tar. The incubations were treated as
described in Materials and Methods.

exposed to ETS tar solutions has an ESR
spectrum with a signal at g = 2.0047 (Fig.
3). The same radical is present in the ETS
tar solutions (g = 2.003) (11). These g-val-
ues are within the range for the semi-
quinone radical signal (23).

The DNA nicking caused by ETS tar
solutions using rat thymocytes is shown in
Figure 4. The amount of DNA damage is
expressed as Qd. The data show DNA
damage increases with increasing ETS tar
concentration, but the damage plateaus at
an ETS tar concentration of 1.5 mg/ml.
The maximum Qdvalue is 204 ± 10.5 for
tar concentrations of 1.5 mg/ml or greater.
This is the amount ofETS tar produced by
approximately one 2R1 cigarette.

Catalase, SOD, GSH, and DTPA were
tested to determine if they protect DNA
against nicking caused by ETS tar solu-
tions, as shown in Table 1. Catalase pro-
vides a 96% protection against DNA dam-
age, whereas SOD, inactivated catalase, and
inactivated SOD do not provide any pro-
tection. When catalase and SOD are used
together, the protection is equivalent to the
protection due to catalase alone. DTPA
provided only partial protection against
DNA nicking caused by ETS tar solutions.

Figure 5 is a plot of GSH concentra-
tion versus protection against DNA dam-
age, and a dose dependency is observed.
The highest GSH concentration used (200
mM) gives 87% protection against DNA
damage caused by ETS tar solutions.

Discussion
For this study, tar from the sidestream
smoke of 2R1 research-grade cigarettes was
collected on a Cambridge filter and
extracted into aqueous buffers. These solu-
tions were used as a model of ETS tar
because sidestream smoke makes up at least
85% of the ETS. Our results show that
ETS tar solutions can cause DNA nicking
in viable mammalian cells; to our knowl-

Figure 4. Plot of Qd (DNA damage quotient in rat
thymocytes) versus the concentration of tar in
environmental tobacco smoke (ETS) solutions.
The equation for the calculation of Qd is given in
Materials and Methods. Data points with error
bars represent the mean of at least three experi-
ments. Data points without error bars represent
the mean of two experiments. The S-shaped
curve was drawn to include (0,0) as the intercept.
This may imply there is a threshold for ETS-
induced DNA damage. However, this conclusion
is masked by a substantial error in the points
with very low amounts of DNA nicking. See
Discussion.

Table 1. Summary of the effects of inhibitors for
protection against DNA nicking by ETS tar solu-
tions and mainstream tar solutionsa

% Protection
Inhibitor ETS tar Mainstream tar (13)
Catalase 96±4(n=4) 83±12(n=6)
Boiled catalase 18 ± 10 22 ± 20
SOD 24±12 38(n=2)
Boiled SOD 25 (n = 2) 35 (n = 2)
Catalase+SOD 95±4 97(n=2)
GSH(200mM) 87±3 85±7
DTPA (20 mM) 42 ± 8 28 ± 5
Deferoxamine 27 ± 9(n= 4)
(1.0 mM)

Abbreviations: ETS, environmental tobacco
smoke; SOD, superoxide dismutase; GSH, glu-
tathione; DTPA, diethylenetriamine pentaacetic
acid.
aUnless noted otherwise, the data are reported
as the average ± SD for three determinations.
The equation to calculate percent protection is
given in Materials and Methods.

edge, this is the first report of the DNA
nicking capability of tar from ETS.

Hydrogen Peroxide Production. Both
mainstream tar solutions (20) and ETS tar
solutions produce hydrogen peroxide with
a time dependency (Fig. 2). Mainstream
tar solutions produce 15 times more H202
than ETS tar solutions (see Table 2). The
generation of hydrogen peroxide may arise
from the dismutation of superoxide formed
during autoxidation of polyphenols, QH2,
present in the tar solutions, as shown in
Equations 4 and 5 (20,24-26):

QH2+020- QH+Or +H

20O- +2H+ -> H202+02

(4)

(5)

Environmental Health Perspectives872



A 1 IJ N3 &i 3A- ** * i d 9 iSiulz=-1;

Table 2. Comparison of environmental tobacco smoke (ETS) tar solutions and mainstream smoke tar solutions

Parameter
H202 production (pmol/mg tar)
Tar/cigarette (mg)
No. of cigarettes to reach maximum (plateau) DNA nicking

Aqueous solutions of tar from
ETS Mainstream smoke
1-5 25-60
1.6 6.4
1.0 0.24C so__ 10 0

GSH (mM)

Figure 5. Plot of percent protection against envi-
ronmental tobacco smoke-induced DNA nicks ver-
sus the concentration of reduced glutathione. The
equation for the calculation of percent protection
is given in Materials and Methods. Data represent
the means of at least three experiments.

DNA Association. Alveolar macro-
phages are target cells for cigarette smoke
damage (27-36). Using a modification of
the alkaline elution method of Kohn et al.
(13,16), DNA from alveolar macrophages
that had been exposed to ETS tar solutions
was trapped on polycarbonate filters. Our
data show that the tar radical becomes asso-
ciated with the DNA in these cells (Fig. 3).
The polycarbonate filters with the trapped
DNA contain the tar radical as observed by
ESR. Control exposure with cells alone or
ETS tar solution alone does not result in a
radical being trapped on the filter. Similar
results were obtained when tar from main-
stream smoke was used (13). Thus, tar
from either mainstream smoke or ETS can
enter a cell and associate with DNA. Since
alveolar macrophages were used and these
cells are not associated with lung cancer, we
cannot infer a relationship between the
DNA association observed in these experi-
ments and the carcinogenicity of cigarette
tar.

DNA Nicking.The DNA nicking
studies were done using the FADU assay of
Birnboim (17). Rat thymocytes were used.
Although these cells are not a primary tar-
get for DNA damage in smokers and non-
smokers exposed to ETS, they have been
used in the FADU assay for DNA damage
(18), and they can be isolated and ob-
tained as a homogeneous cell population.
Also, enough thymocytes for a complete
dose-response curve can be obtained from
a single rat.

Environmental tobacco smoke tar solu-
tions cause DNA nicking in these viable
rat thymocytes. Previous tests of DNA
damage were done using cigarette smoke
or tar solutions from mainstream smoke
(13,37-40). There are a number of reports
of an association between ETS exposure
and cancer (7,41-44). Most of the reports
are epidemiological studies (6-9,41,42).
One of the studies shows a direct relation-
ship between ETS exposure and carcino-
gen-hemoglobin adducts levels in non-

smokers (41), while another shows that
sidestream smoke condensate causes more
skin cancer in mice than mainstream
smoke condensate (43). Even though these
studies do not assess direct damage to
DNA caused by ETS, is clear that compo-
nents of ETS are genotoxic. As mentioned
before, to our knowledge, this is the first
report of the DNA-damaging capability of
tar from ETS.

Our results with ETS tar solutions are
similar to those obtained with aqueous cig-
arette tar from mainstream smoke. The
mainstream smoke data were obtained dur-
ing the same experiments as the ETS data
but were published separately (13). There
is an increase in the amount ofDNA dam-
age detected in mammalian cells as the
concentration of tar from ETS increases up
to a maximum (saturation) point (see Fig.
4). This effect also occurs when main-
stream tar solutions are used (13).

To include (0,0) as the intercept in
Figure 4, an S-shaped curve appears to be
required, although the confidence in this
conclusion is masked by a substantial error
in the points with low amounts of DNA
nicking. Cells exposed to low concentra-
tions of tar (0.1-0.2 mg tar/ml) give Qd
values that are close to zero but do not
appear to lie on a straight-line extrapola-
tion of data at higher yields of DNA dam-
age. If the S-shaped curve shown in Figure
4 is correct, this might imply there is
threshold for ETS-induced DNA damage.
However, results with low yields of DNA
nicking may be due to limitations of the
FADU assay.

The maximum DNA nicking occurs at
a concentration of tar that is equivalent to
1.0 cigarette for ETS tar solutions or 0.24
cigarette for mainstream smoke tar solu-
tions (Table 2). Thus, ETS tar solutions
behave similarly to mainstream smoke tar
solutions but are less potent on a per-ciga-
rette basis. These results (Figs. 3 and 4)
show that tar components in both ETS tar
solutions and mainstream smoke tar are
capable of entering a cell, penetrating the
nucleus, associating with DNA, and caus-
ing nicks (45).

Effect ofInhibitors on DNA Damage.
Table 1 is a summary of the effects of
inhibitors for protection against DNA
nicking by ETS tar solutions and main-
stream tar solutions. Of all the DNA dam-
age inhibitors used in our experiments,

catalase gave the greatest protection.
Because catalase confers at least 90% pro-
tection against DNA nicking caused by
ETS tar extracts or mainstream tar solu-
tions, we can conclude that hydrogen per-
oxide is an essential component of the
ETS-mediated damage to DNA.

Hydroxyl radicals have been detected
in aqueous cigarette tar solutions (24) and
have been proposed to contribute to DNA
damage (14). High concentrations of
DTPA (30 mM) abolish the signal of the
hydroxyl radical spin-adduct in aqueous
cigarette tar from mainstream smoke (24).
DTPA also provides partial protection
(40%) against DNA damage caused by
ETS tar solutions. This partial protection
may arise from inhibition of metal-cat-
alyzed hydroxyl radical production (24).

Superoxide dismutase does not protect
more than boiled SOD against DNA dam-
age caused by ETS tar solutions or main-
stream tar solutions (see Table 1). As SOD
catalyzes the dismutation of superoxide to
hydrogen peroxide and hydrogen peroxide
is involved in nicking DNA, we do not
expect SOD to be protective.

Glutathione protects against DNA
nicking by ETS tar solutions, probably by
scavenging oxidants. The same results were
observed when mainstream tar solutions
were used (13). Glutathione is known to
form covalent adducts with quinones and
hydroquinones (46-48). Thus, the GSH
protection of DNA may be related to the
ability of GSH to add to quinones and
hydroquinones and perhaps prevent the
addition to and nicking of DNA, or to the
well-known ability ofGSH to quench radi-
cal signals (49).

Conclusions
Both ETS tar solutions and mainstream
smoke tar solutions bind to and damage
DNA by similar mechanisms. Mainstream
tar solutions produce more hydrogen per-
oxide than ETS tar solutions, and hydro-
gen peroxide is an important contributor
to the tar-mediated DNA nicking.
Environmental tobacco smoke tar solu-
tions are less effective than mainstream tar
solutions, requiring four times more ciga-
rettes to cause the same amount of DNA
damage (Table 2). However, ETS particles,
which are smaller than mainstream parti-
cles (1,6), can reach more distal alveolar
spaces of the lung, where the ETS tar par-
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ticles could release reactive species into the
aqueous medium of the lung, and cause
DNA damage. Clearly, ETS is involved in
nicking DNA, and this damage may
account for carcinogenic effect ofETS tar.
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